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Abstract
Starting with Newton’s law of universal gravitation, we generalize it
step-by-step to obtain Einstein’s geometric theory of gravity. Newton’s
gravitational potential satisfies the Poisson equation. We relate the poten-
tial to a component of the metric tensor by equating the nonrelativistic
result of the principle of stationary proper time to the Lagrangian for a
classical gravitational field. In the Poisson equation the Laplacian of the
component of the metric tensor is generalized to a cyclic linear combination
of the second derivatives of the metric tensor. In local coordinates it is a
single component of the Ricci tensor. This component of the Ricci tensor
is proportional to the mass density that is related to a single component of
the energy-momentum stress tensor and its trace. We thus obtain a single
component of Einstein’s gravitational field equation in local coordinates.
From the principle of general covariance applied to a single component, we
obtain all tensor components of Einstein’s gravitational field equation.
1
1. Introduction
Issac Newton published his Principia in 1686,[1] in which he formulated his
three laws of motion and the law of universal gravitation that together unified
both celestial and terrestial mechanics. He used these principles to derive Ke-
pler’s three laws of planetary motion. In spite of the remarkable success of his
mechanics, he was not completely satisfied with his achievement. Newton himself
criticized his universal law of gravitation as it required the gravitational force to
act instantaneously at a distance without the presence of any medium to transmit
it.[2] However, his gravitation was successfully applied for over 200 years before
it was superseded by Einstein.
In 1905 Einstein published his special theory of relativity [3] that unified space
and time and consequently made mechanics consistent with electromagnetism.
Einstein realized that Newton’s principle of gravitation was incompatible with
the special theory of relativity. Newtonian mechanics presumes the existence of
an absolute space and an absolute time in which the propagation of the gravita-
tional interaction is instantaneous.[1] The special theory of relativity postulates
the constancy of the speed of light that unifies the concepts of space and time into a
four-dimensional spacetime. Instantaneous propagation of the gravitational inter-
action in one coordinate system would mean retarded or accelerated propagation
in another.
Einstein began to work on the problem of gravity soon after he published the
special theory of relativity.[4] His first attempt was to modify special relativity by
using a speed of light depending on the gravitational field, but it was unsuccess-
ful. When he returned to Zurich from Prague in 1912 he began a new approach
based on non-Euclidian geometry. His friend Marcel Grossmann, a mathemati-
cian, helped him learn the “absolute differential calculus” (or tensor analysis as it
is now called) developed by Ricci and Levi-Civita.[5] Together they formulated a
new theory of gravitation. But later they rejected the first version for not having
the correct Newtonian limit.[6] After much searching Einstein finally formulated
a theory of gravity in 1915-1916 that was called the general theory of relativity.[7]
In most presentations of Einstein’s general theory of relativity[8] his gravita-
tional field equation is given in tensor form as embodying some general principles.
It is then shown that in the limit of weak gravity and small speeds it reduces to
Newtonian gravity.[9, 10, 11, 12] This top-down approach makes it difficult for
the student to understand the gravitational field equation. In this paper we use
a bottom-up approach to obtain Einstein’s field equation from Newton’s univer-
sal gravitation. It should be noted that Einstein’s field equation is not the only
generalization of the Newton’s universal gravitation but there could be other pos-
sible and more complicated generalizations as well. However we restrict ourself to
obtain Einstein’s field equation from Newton’s universal gravitation.
We begin with Poisson’s equation and use a natural step-by-step process of
generalization. In the next section we review Newtonian gravity and Poisson’s
equation for the gravitational potential. In Sec. 3 Newton’s gravitational potential
is shown to be related to the 00-component of the metric tensor by equating the
nonrelativistic result of the principle of stationary proper time to the classical
Lagrangian for a particle in a gravitational potential. Poisson’s equation for the
potential can then be written in terms of the second derivative of the 00-component
of the metric. In Sec. 4 we generalize this equation by using a cyclic linear
combination of second derivatives of the metric tensor to obtain the curvature of a
four-dimensional spacetime. The resultant is the 00-component of the Ricci tensor
in local coordinates. In Sec. 5 the mass density in the Poisson equation is related
to the 00-component of the energy-momentum stress tensor and its trace.[13]
Using the principle of general covariance [7] in Sec. 6, the single component of
the tensor equation in local coordinates is generalized to obtain all components
of the Einstein’s gravitational field equation. Our approach goes beyond other
papers that make Einstein’s gravitational field equation plausible.[14, 15, 16] The
conclusion is given in Sec. 7 and the appendix gives a brief review of the Riemann
and Ricci tensors.
2. Poisson’s Equation for Gravity
Newton’s universal law of gravity[1] states that the attractive force F01(x0) on
mass m0 at x0 by a mass m1 at x1 is given by
F01 (x0) = −Gm0m1
xˆ01
|x01|
2 , (1)
where G is Newton’s universal gravitation constant, the displacement between the
particles is x01 = x0−x1 and the corresponding unit vector is xˆ01 = x01/|x01|.
Because of the principle of superposition, the total gravitational force on a
test particle of mass m0 at position x by particles of mass mi at positions xi
(i = 1, 2, · · · , N) is
F0 (x) = −Gm0
N∑
i=1
mi
x− xi
|x− xi|
3
. (2)
If the group of masses in Eq. (2) is generalized to a continuous distribution with
a mass density ρ(x′) at the position x′, then the gravitational field g(x) at the
point x, defined as the force per unit test mass, is
g (x) ≡
F0 (x)
m0
= −G
∫
d3x′ρ (x′)
x− x′
|x− x′|3
, (3)
where the volume integral on x′ is over all space. The gravitational field g (x) is
regarded as the carrier of the interaction.
From Eq. (3) the gravitational field is conservative since ∇ × g (x) = 0.
Therefore a gravitational potential function φ (x) exists for the gravitational field
so that g (x) = −∇φ (x) and
φ (x) = −G
∫
d3x′
ρ (x′)
|x− x′|
. (4)
Taking the Laplacian of Eq. (4) gives Poisson’s equation for the Newtonian grav-
itational potential,
∇2φ (x) = 4πGρ (x) . (5)
In a step-by-step process we will now generalize this equation to Einstein’s gravi-
tational field equation.
3. Gravity and Geometry
Einstein realized that since inertial mass and gravitational mass are equal for
gravity (the equivalence principle) it could be described by a geometrical theory.
In the general theory of relativity gravity is described by the purely geometrical
effect of motion in curved spacetime. The motion of a free particle in the curved
spacetime is determined from the principle of stationary proper time[17] which
states that along the world line of a free particle the proper time is stationary.
With our choice of sign convention the stationary proper time is maximum for the
true trajectory compared to the proper time for all other trajectories.
Analogous to the Fermat’s principle of least time in ray optics,[18] the principle
of stationary proper time in relativity is
δτ = δ
∫ τ2
τ1
dτ = 0, (6)
where dτ is the element of proper time in curved spacetime, the limits of inte-
gration are arbitrary and the variation δ of the integral is over all paths. The
infinitesimal element of proper time dτ is
dτ = c−1 (gµνdx
µdxν)1/2 > 0, (7)
where (gµνdx
µdxν)1/2 = ds is an element of spacetime separation and c is the
speed of light. In a curved spacetime the metric tensor is gµν = gµν (x) , where the
spacetime coordinates are x = xµ = (x0, x1, x2, x3) , the time coordinate is x0 = ct
and the spatial coordinates are x = (x1, x2, x3). In special relativity the metric
tensor is diagonal and we choose the convention gµν = ηµν = diag {1,−1,−1,−1} .
Substituting the element of proper time, Eq. (7), into Eq. (6) and, multiplying
and dividing it by dt gives
δτ = c−1δ
∫ (
gµν
dxµ
dt
dxν
dt
)1/2
dt = 0. (8)
In a weak gravitational field we can choose a local coordinate system for which
the metric is gij = −δij , g0i = 0 and g00 = g00 (x) , where δij is the Kronecker
delta, repeated Greek indices are summed from 0 to 3, and repeated Latin indices
are summed over spatial values from 1 to 3. With this choice of coordinates, Eq.
(8) can be rewritten as
δτ = c−1δ
∫ (
g00
dx0
dt
dx0
dt
− δij
dxi
dt
dxj
dt
)1/2
dt = 0. (9)
This equation can be simplified by using dx0/dt = c so that Eq. (9) becomes,
δτ = δ
∫ (
g00 −
x˙2
c2
)1/2
dt = 0. (10)
We assume speed to be small compared to the speed of light |x˙| <<c and a weak
gravitational field so that g00 = 1 + h00, where h00 << 1. Then a Taylor series
expansion of the square root in Eq. (10) to first order gives
δτ = δ
∫
1
2
(
h00 −
x˙2
c2
)
dt = 0. (11)
Multiplying Eq. (11) by −mc2 leads to the principle of least action
δS = −mc2δτ = δ
∫ (
1
2
mx˙2 −
1
2
mc2h00
)
dt = 0, (12)
where the integrand can be interpreted as the Lagrangian for a particle in a weak
gravitational field. Equating this Lagrangian with the classical Lagrangian Lφ for
a particle in a gravitational potential φ,
Lφ =
1
2
mx˙2 −mφ (x) , (13)
we obtain a relationship between h00 and φ,
h00 = g00 − 1 =
2φ
c2
. (14)
We have now established a relationship between the component g00 of the metric
tensor and the gravitational potential φ. The relation in Eq. (14) has been
previously derived,[13, 19] but by different methods. In most of the text books
this relation is obtained from the Einstein’s gravitational field equation in the
Newtonian limit.
4. Gravitational Curvature
We have shown in Eq. (14) that the gravitational potential φ can be replaced by
the 00-component of the metric under nonrelativistic assumptions. Substituting
this relation into Poisson’s equation (5), we get
g00,i,i = −g
,i
00,i =
8πG
c2
ρ (15)
here we use the comma notation for partial derivatives and Einstein’s summa-
tion convention over repeated Latin indices which varies from 1 to 3. For later
generalization to tensor contraction we distinguish between covariant and con-
travariant indices. To obtain a contravariant index we raise an index using
g ,i00,i = g00,i,jg
ji = −g00,i,i, where g
ji = −δji in our convention for the metric in
special relativity.
The Laplacian of g00 measures the intrinsic curvature of three-dimensional
space. The intrinsic curvature of four-dimensional spacetime must involve the
second derivatives of the metric component g00 with respect to all spacetime
coordinates.[20, 21] The generalization first requires: changing the double Latin
indices i for derivatives in Eq. (15) to double Greek indices µ that are varies from
0 to 3,
g ,i00,i =⇒ g
,µ
00,µ = g
µνg00,µ,ν . (16)
Since g00(x) depends on all the spacetime coordinates, we now have to include
a linear combination of all its second derivatives to find the intrinsic curvature.
This further generalization requires, finding the appropriate linear combination of
second derivatives of the metric tensor. Also the terms in the linear combination
should not favor any particular one, so that each term has the same amplitude.
The terms in the linear combination can have different signs, but they should have
equal number of positive and negative terms. A natural choice for the right-hand
side of Eq. (16) that satisfies these requirements is to replace the indices 00µν by
the sum over their cyclic permutations (00µν) with the appropriate sign of the
permutation,
gµνg00,µ,ν =⇒ g
µν
∑
cyclic
ǫg00,µ,ν . (17)
The summation on the right-hand side is defined[22] as the sum of cyclic permuta-
tions of 00µν with the appropriate sign ǫ = +(−) for an even (odd) permutation,
so Eq. (17) is
gµν (g00,µ,ν − g0µ,ν,0 + gµν,0,0 − gν0,0,µ) = 2R00, (18)
in the convention for the Ricci tensor of Rindler[23] and Ohanian.[17] For static
Newtonian gravity all the terms on the left-hand side of Eq. (18) that involve a
time derivative vanish. The terms on the left-hand side of Eq. (18) are equal to
twice R00, the 00-component of the Ricci tensor in local coordinates.[17, 23] Using
the generalizations in Eqs. (16), (17) and (18) in the left-hand side of the Poisson
equation (15), we obtain
R00 = −
4πG
c2
ρ. (19)
One of the subscripts of the 00-component of the Ricci tensor in local coordi-
nates can be raised with a contravariant metric tensor, so R 00 = g
0αR0α, where
g0α = δ0α. Thus raising a 0-index does not change the numerical value of the
tensor component in local coordinates. Hence, Eq. (19) now becomes
R 00 = −
4πG
c4
ρc2. (20)
Since the left-hand side of Eq. (20) is a component of a tensor, the right-hand
side of the equation must also be the same component of another tensor.
5. Energy-Momentum Stress Tensor
On the right-hand side of Eq. (20) the term ρc2 is the mass-energy density. In
the cloud of dust model[17] it is related to a component of the stress tensor.
The energy-momentum stress tensor T νµ for a static tenuous gas of density ρ and
negligible pressure has a component T 00 that is the rest energy density ρc
2.[11, 13]
The other components of T νµ are negligible in this model, so the trace T = T
µ
µ of
the stress tensor is also ρc2. Since the trace T is a scalar, hence the simplest second-
rank tensor that can be constructed from it is Tδ νµ , where δ
ν
µ is the Kronecker
delta tensor.
Hence the Newtonian mass density ρ times c2 can be generalized to a linear
combination of T 00 and Tδ
0
0 for all matter and fields,
ρc2 = aT 00 + (1− a) Tδ
0
0 (21)
where a is a constant to be determined later. Substituting Eq. (21) in Eq. (20),
we get
R 00 = −
4πG
c4
(
aT 00 + (1− a) Tδ
0
0
)
. (22)
Since both sides of this equation are 00-components of a tensor equation, we can
generalize it to obtain all the other components.
6. Einstein’s Gravitational Field Equation
Equation (22) has only one component of the Ricci and stress-energy tensors.
Nevertheless, it establishes a connection between the gravitational field and the
geometry of spacetime under nonrelativistic assumptions in a local coordinate
system. Using the principle of general covariance, we can generalize Eq. (22)
to obtain the complete Einstein gravitational field equation. Einstein struggled
between 1912-1916 to find the correct formulation of the covariance principle.[24]
The principle of general covariance as formulated by Einstein[7] states that, “The
general laws of nature are to be expressed by equations which hold good for all
systems of coordinates, ....” This principle means that laws of physics must be
tensor equations, i.e., equations that do not change their form under general
coordinate transformations.
In Sec. 3 the metric tensor is assumed to be static with the off-diagonal terms
zero. Under a general coordinate transformation the metric tensor can have all
components gµν(x) and be a function of all the spacetime coordinates x = x
µ.
Applying the principle of general covariance to Eq. (22), we get the full tensor
Einstein gravitational field equation valid in all coordinate systems,
R νµ = −
4πG
c4
(
aT νµ + (1− a) Tδ
ν
µ
)
, (23)
except for an undetermined constant a. The Ricci tensor R νµ in Eq. (23) in its
general form involves both the first and second derivatives of the metric tensor.
The energy-momentum stress tensor T νµ is generalized to include all material and
non-gravitational fields.
We can now determine the constant a in Eq. (23). The trace of Eq. (23) gives
R = −
4πG
c4
T (4− 3a) , (24)
where the trace δ µµ = 4 and the scalar curvature is R
µ
µ = R. Hence we can rewrite
Eq. (23) in terms of R instead of T ,
R νµ −
(1− a)
(4− 3a)
δ νµ R = −
4aπG
c4
T νµ . (25)
To determine a we can take the covariant derivative of Eq. (25). Because of
the law of conservation for energy-momentum[25] the covariant derivative of the
right-hand side of Eq. (25) vanishes
T νµ ;ν = 0, (26)
where the semicolon denotes the covariant derivative. However, the covariant
derivative reduces to the partial derivative in local coordinates. The covariant
derivative of the left-hand side will also vanish if we use the second Bianchi iden-
tity, (
R νµ −
1
2
δ νµ R
)
;ν
= 0, (27)
Since the covariant derivative of the right-hand side of Eq. (25) vanishes, the
coefficient of δ νµ R must be equal to 1/2 which gives a = 2.
Hence substituting the value of a in Eq. (25) leads to the Einstein’s gravita-
tional field equation[7]
R νµ −
1
2
δ νµ R = −
8πG
c4
T νµ . (28)
The left-hand side of Eq. (28) is defined as the Einstein tensor G νµ ,
G νµ ≡ R
ν
µ −
1
2
δ νµ R. (29)
Hence the Einstein’s gravitational field equation (28) can be rewritten in a more
compact form as
Gµν = −
8πG
c4
Tµν . (30)
The tensor Gµν is the only tensor that can be constructed from gµν , and its first
and second partial derivatives whose four-divergence vanishes.[26]
Einstein’s equation was very successful in predicting the bending of light by
the sun, the precession of the perihelion of Mercury and radar echo delay.[23, 27]
Another prediction of Einstein’s equation is gravitation waves.[25, 28] Although
they have not yet been directly observed, but have been inferred from the loss of
energy in binary pulsar systems.[29]
When Einstein first applied his field equation to cosmology in 1917 he found
that his equation did not predicted a static universe that was expected at the time.
He then introduced another term Λ, which he called the cosmological constant,
into his equation,[30]
R νµ −
1
2
δ νµ R − Λδ
ν
µ = −
8πG
c4
T νµ , (31)
but the resulting static universe was not stable. When Hubble in 1929 established
that the universe was expanding,[31] Einstein called the cosmological constant
“the biggest blunder of his life.” If he had stuck with his original equation in 1917
he could have predicted the expansion of the universe over a decade before it was
discovered. Today the cosmological constant has reemerged as one explanation
for dark energy.[32]
7. Conclusion
In this paper Einstein’s gravitational field equation is obtained from a step-by-
step generalization of Newtonian gravitation. We first show that Newton’s law of
universal gravitation leads directly to Poisson’s equation that relates the Laplacian
of the gravitational potential to the mass density. Then we use the principle of
stationary proper time under nonrelativistic assumptions and compare it with the
classical Lagrangian of a particle in a gravitational potential. We find a linear
relationship between the 00-component of the metric tensor and the Newtonian
gravitational potential.
We then replace the Laplacian of the gravitational potential in Poisson’s equa-
tion (5) with the Laplacian of the 00-component of the metric tensor g00,i,i.
The Latin indices in three-dimensions are generalized to Greek indices in four-
dimensions gµνg00,µ,ν , where g
µν is used to raise one of the indices to give a tensor
contraction. The indices of 00µν are generalized to give a cyclic linear combina-
tion (00µν) for the indices. When it is multiplied by gµν to raise an index, the
linear combination results in twice the 00-component of the Ricci tensor in local
coordinates.
The Poisson equation shows that the 00-component of the Ricci tensor (18)
is proportional to the mass density ρ. Using the cloud of dust model, we show
that the mass-energy density ρc2 is proportional to both the 00-component of
the energy-momentum stress tensor and the trace of the tensor. Hence the 00-
component of the Ricci tensor is proportional to a linear combination of the 00-
component of the energy-momentum stress tensor and the 00-component of its
trace times the unit tensor. Einstein’s principle of general covariance states that
the equations of physics must be tensor equations, so that equations obtained in
local coordinate systems for one component must also be valid in all coordinate
systems for all components. Therefore, the full Ricci tensor is proportional to a
linear combination of the full energy-momentum stress tensor and its trace times
the unit tensor. The constant in the linear combination is obtained by using
energy-momentum conservation and the second Bianchi identity. The result is
Einstein’s equation for the gravitational field.
Einstein’s theory of gravitation has the reputation that it is a subject reserved
only for graduate school. Wheeler[33] has said that there is a need for a “quasi-
Newtonian” argument for the correct field equations. A previous paper[13] was
an attempt to give such a bottom-up derivation, but there were some gaps in the
argument. This paper fills those gaps. The approach used in this paper should
make general relativity accessible to undergraduate students. The subject can
be taught at several different levels. For a survey of the subject a sketch of the
approach can be used. At an intermediate level more details can be included.
At an advanced level all the mathematics can be included. We hope that this
approach will become a standard method for teaching general relativity and giving
all students a better understanding of Einstein’s theory of gravitation.
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8. Appendix: Riemann and Ricci Tensors
The most important tensor in Riemann geometry is the Riemann curvature ten-
sor. The fully covariant Riemann curvature tensor in four-dimensional curved
spacetime is,[17, 23]
Rµανβ = −Γµαν,β + Γµαβ,ν + Γ
γ
ανΓγµβ − Γ
γ
αβΓγµν , (32)
where the Christoffel symbols of the first kind are
Γαβγ =
1
2
(gαβ,γ − gβγ,α + gγα,β) , (33)
and the second kind are
Γαβγ = g
αδΓδβγ =
1
2
gαδ (gδβ,γ − gβγ,δ + gγδ,β) . (34)
We use local coordinates in which the first derivatives of the metric tensor
gαβ,γ vanish, so the Riemann tensor reduces to
Rµανβ = −Γµαν,β + Γµαβ,ν
Rµανβ = −
1
2
(gµα,ν,β − gαν,µ,β + gνµ,α,β) +
1
2
(gµα,β,ν − gαβ,µ,ν + gβµ,α,ν) .(35)
The two partial derivatives commute, the metric tensor is symmetric gβµ = gµβ
and Rµανβ = −Rµαβν , so this equation reduces to
Rµαβν = −
1
2
(gµβ,α,ν − gβα,ν,µ + gαν,µ,β − gνµ,β,α) . (36)
The indices on the right-hand side are cyclic (µβαν) .
The Ricci tensor is defined as[17, 23]
Rαβ ≡ R
µ
αβµ. (37)
Therefore, in local coordinates we get
gµνRµαβν = −
1
2
gµν (gµβ,α,ν − gβα,ν,µ + gαν,µ,β − gνµ,β,α) ,
Rαβ =
1
2
gµν (gβα,ν,µ − gαν,µ,β + gνµ,β,α − gµβ,α,ν) , (38)
where the indices of the terms in parentheses in the last line are cyclic. In Eq. (18)
we use the 00-component of the Ricci tensor in local coordinates. By inspection
the Ricci tensor (38) in local coordinates is symmetric,
Rαβ = Rαβ, (39)
and by the principle of general covariance this property holds in general coordi-
nates.
a)Electronic mail: kobe@unt.edu
b)Electronic mail: AnkitSrivastava@my.unt.edu
References
[1] F. Cajori, Sir Issac Newton’s Mathematical Principles of Natural Philosophy
and His System of the World (University of California Press, Berkeley, 1974).
[2] I. B. Cohen, ed., Isaac Newton’s Papers and Letters on Natural Philosophy
(Harvard Univ. Press, Cambridge, 1958), Third Letter to Bentley.
[3] A. Einstein, “Zur Elektrodynamik bewegeter Korper,” Ann. Phys. (Leipzig)
17, 891-921 (1905). Translated in: H. A. Lorentz, A. Einstein, H. Minkowski
and H. Weyl, “On the Electrodynamics of Moving Bodies,” The Principle of
Relativity (Dover Publ., New York, 1952), pp. 37-65.
[4] J. Norton, “How Einstein found his field equations: 1912-1915” Hist. Stud.
Phys. Sci. 14 (2), 253-316 (1984).
[5] T. Levi-Civita, The Absolute Differential Calculus (Dover Publ., New York,
1977), p. 381.
[6] A. Pais, Subtle is the Lord: The Science and Life of Albert Einstein (Oxford
Univ. Press, Oxford, 1982), pp. 208-225.
[7] A. Einstein, “Die Grundlage der allgemeinen Relativita¨tstheorie,” Ann. Phys.
(Leipzig) 49, 769-822 (1916). Translated in: H. A. Lorentz, A. Einstein, H.
Minkowski and H. Weyl, “The Foundation of the General Theory of Relativ-
ity,” The Principle of Relativity (Dover Publ., New York, 1952), pp. 111-173,
117.
[8] A. Einstein, The meaning of relativity, 5th ed. (Princeton Univ. Press, Prince-
ton, 1956), pp. 79-108.
[9] C. Moller, The Theory of Relativity (Oxford Univ. Press, London, 1952), pp.
310-314.
[10] W. Pauli, Theory of Relativity (Pergamon Press, London, 1958), pp. 150-163.
[11] R. Adler, M. Bazin and M. Schiffer, Introduction to General Relativity, 2nd
ed. (McGraw-Hill Book Co., New York, 1975), pp. 330-348.
[12] P. G. Bergmann, Introduction to the Theory of Relativity (Dover Publ., New
York, 1976), pp. 178-186.
[13] D. H. Kobe, “Inductive approach to Einstein’s gravitational field equation,”
Tex. J. Sci. 34, 233-258 (1982).
[14] S. Chandrasekhar, “On the ‘derivation’ of Einstein’s field equations,” Am. J.
Phys. 40, 224-234 (1972).
[15] E. Krefetz, “Comment on the ‘Derivation’ of Einstein’s field equations.” Am.
J. Phys. 40, 1347 (1972).
[16] T. Frankel, Gravitational Curvature (W.H. Freeman and Co., San Francisco,
1979), Chap. 3.
[17] H. C. Ohanian and R. Ruffini, Gravitation and Spacetime, 2nd ed. (W. W.
Norton & Co., New York, 1994), pp. 83-86, 330-331, 333, 336, 381.
[18] R. P. Feynman, R. B. Leighton and M. Sands, The Feynman Lectures on
Physics, Vol. 1 (Addison-Wesley, Reading, 1963), Chap. 26.
[19] L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields, 4th revised
English ed. (Pergamon Press, Oxford, 1975), pp. 246-247.
[20] R. Hakim, An Introduction to Relativistic Gravitation (Cambridge Univ.
Press, Cambridge, 1999), Chap. 6.
[21] L. Loveridge, “Physical and Geometric interpretations of the Riemann tensor,
Ricci tensor, and Scalar curvature,” arXiv: gr-qc/0401099v1.
[22] L. Bostock and S. Chandler, Pure Mathematics 2 (Stanley Thornes Publ.,
Cheltenham, 1979), p. 457.
[23] W. Rindler, Relativity, Special, General and Cosmological, 2nd ed. (Oxford
Univ. Press, London, 2001), pp. 218-219.
[24] J. Earman and C. Glymour, “Lost in the Tensors: Einstein’s Struggles with
Covariance Principles, 1912-1916,” Stud. Hist. Phil. Sci. 9 (4) 251-278 (1978).
[25] C. W. Misner, K. S. Thorne and J. A. Wheeler, Gravitation (W.H. Freeman
and Co., San Francisco, 1973), pp. 379, 941-1040.
[26] D. Lovelock, “The four-dimensionality of space and the Einstein tensor,” J.
Math. Phys. 13 (6), 874-876 (1972).
[27] S. Weinberg, Gravitation and Cosmology: Principles and Applications of the
General Theory of Relativity (John Wiley & Sons, New York, 1972), pp.
188-207.
[28] B. Schutz, A First Course in General Relativity, 2nd ed. (Cambridge Univ.
Press, Cambridge, 2009), Chap. 9.
[29] R. A. Hulse and J. H. Taylor, “Discovery of a pulsar in a binary system,”
Astrophys. J. 195, L51-L53 (1975).
[30] A. Einstein, “Kosmologische Betrachtungen zur allgemeinen Relata-
vata¨tstheorie,” Sitzungsberichte der Preussischen Akad. d. Wissenschaften
(1917). Translated in: H. A. Lorentz, A. Einstein, H. Minkowski and H.
Weyl, “Cosmological Considerations on the General Theory of Relativity,”
The Principle of Relativity (Dover Publ., New York, 1952), pp. 177-188.
[31] E. Hubble, “A relation between distance and radial velocity among extra-
galactic nebulae,” Proc. Natl. Acad. Sci. U.S.A. 15 (3), 168-173 (1929).
[32] P. J. E. Peebles and B. Ratra, “The cosmological constant and dark energy,”
Rev. Mod. Phys. 75 (2), 559-606 (2003).
[33] J. A. Wheeler, “Gravitation as geometry-II” in H.-Y. Chiu and W. F. Hoff-
mann (eds.), Gravitation and Relativity (W. A. Benjamin, New York, 1964),
p. 89 (note 10).
